BACKGROUND: Preterm birth (PTB) is hypothesized to be an inflammatory response disease. However, no single factor alone is likely to explain PTB risk. It is more probable that coordinated networks of cytokines affect risk. METHODS: Therefore, we examined the relationships between amniotic fluid (AF) cytokines/chemokines and related biomarkers in PTB and normal term deliveries in African Americans and Caucasians. Data were obtained from African American (41 preterm labor and 91 term labor) and Caucasian (105 preterm labor and 100 term labor) pregnant mothers. Pro-inflammatory cytokines and related molecules interleukin (IL)-1, IL-6, IL-8, and tumor necrosis factor-(TNF)-a, TNF soluble receptors (sTNFR1 and sTNFR2), and anti-inflammatory cytokine IL-10 that were all previously associated with PTB were studied. Correlations between biomarkers were calculated; differences of correlation coefficients between AF from African American and Caucasian samples in preterm labor and term labor were measured. RESULTS: Multiple differences were observed between African American and Caucasian preterm and term birth groups. In term birth the strongest differences were between pro-and anti-inflammatory correlations, whereas in PTB differences were equally distributed between pro-inflammatory/anti-inflammatory and pro-inflammatory/pro-inflammatory correlations. Three correlation patterns differed significantly between AF from PTB African Americans with and without microbial invasion of the intra-amniotic cavity (MIAC); no differences were observed in Caucasians with MIAC. CONCLUSION: Correlation analyses of cytokine measurements suggest coordinated interplay during pregnancy; significant differences exist between African Americans and Caucasians. Such analyses can serve as a means of understanding risk factors in these populations.
Introduction
Cytokine and chemokine networks maintain homoeostasis during pregnancy. Strong inflammatory responses mediated by cytokines and chemokines are involved in pregnancy complications such as preterm birth (PTB). In addition, recent in vitro and in vivo findings suggest that inflammatory responses mediated by cytokines and chemokines may not be the same in different geographic populations, and that this may contribute to the disparity in PTB rates seen between African Americans and Caucasians in the United States (Demissie et al., 2001; Martin et al., 2003; Menon et al., 2006 Menon et al., , 2007c . It is likely that differences in pregnancy outcomes are affected by differences in the coordination of cytokine regulation (Menon et al., 2007c) . Such differences may partially explain the disparity in PTB rates between African Americans and Caucasians. Examining cytokine patterns may therefore be important in understanding PTB risk and ethnic disparity.
Cytokines regulate pregnancy by both autocrine and paracrine mechanisms. Pregnancy can be regarded as maternal immune adaptation to a temporary semi-allogenic graft (the fetus) (Shurin et al., 1999; Thellin et al., 2000) . One of the key events during the maintenance of a normal pregnancy is a bias towards the up-regulation of the Th2 immune response that then down-regulates several cellular immune effector functions, including cytotoxic response and inflammatory cytokine release. In contrast, an imbalance of Th1/Th2 production in favor of Th1 can induce labor (Shurin et al., 1999) . The predominance of Th2 cytokines during early stages of pregnancy leads to an increased production of progesterone. Progesterone in turn increases Th2 cytokine secretion [such as interleukin (IL)-10 and IL-6] and decreases Th1 and pro-inflammatory cytokines [such as IL-1b, IL-8 and tumor necrosis factor-alpha (TNF-a)], completing the positive feedback loop that maintains pregnancy (Diehl and Rincon, 2002; Ugwumadu, 2002) . At term, this balance is shifted in favor of Th1 cytokines that are predominantly pro-inflammatory. A predisposition to a premature shift from anti-to pro-inflammatory balance may explain the roles of risk factors and racial disparity in PTB. This can be assessed by examining the correlation between pro-and anti-inflammatory cytokines in pregnancy.
Several genetic and functional studies have associated both pro-and anti-inflammatory cytokines with PTB, but these studies usually analyzed individual cytokines (Romero et al., 1990; Dudley, 1997; Fortunato et al., 1997; Dizon-Townson et al., 1997; Rizzo et al., 1998; Weiyuan and Li, 1998; Roberts et al., 1999; Simhan et al., 2003; Sadowsky et al., 2006; Speer et al., 2006; Velez et al., 2007; Menon and Fortunato, 2007) . These data, and others indicating that PTB is predominantly associated with infection (Averbuch et al., 1995; Hitti et al., 1997; Kniss and Iams, 1998; Clark and Croitoru, 2001; Gardella et al., 2004) and/or an exaggerated inflammatory response (Gomez et al., 1995; Dudley, 1997; Kniss and Iams, 1998; Goldenberg et al., 2000) associated with increased Th1 cytokine concentrations, have led to the hypothesis that PTB is a host inflammatory response disease.
Differences in patterns of cytokine production may contribute to PTB pathophysiology. We have examined the correlations between several cytokines previously shown to be associated with PTB, to assess whether there is evidence for differences in cytokine production patterns between preterm and normal term deliveries and also between ethnic groups (African Americans and Caucasians). Specifically, we have examined the correlations between cytokines/chemokines (IL-1b, IL-6, IL-8, IL-10 and TNF-a) and biomarkers [soluble TNF-R1 (sTNFR1) and soluble TNF-R2 (sTNFR2)]. Correlations were also evaluated with respect to microbial invasion of the amniotic cavity (MIAC).
Materials and Methods

Study population
Subjects were recruited at the Centennial Women's Hospital, Nashville, TN. Institutional Review Boards at TriStar Nashville, TN and Vanderbilt University, Nashville, TN approved this study. All subjects had singleton live births. Ancestry was identified by self-report and a questionnaire that traces ancestry back two generations from the parents. Individuals who had more than one ancestral group were excluded from the study. Mothers between the ages of 18 and 40 were recruited. Gestational age was determined by last menstrual period and corroborated by ultrasound dating. PTBs (referred to as preterm labor in the rest of the manuscript) were defined as delivery at ,36 0/7 weeks gestation and term births following term labor (referred to as term labor in the rest of the manuscript) were defined as delivery .37 0/7 with no medical or obstetrical complications during pregnancy. Subjects with multiple gestations, pre-eclampsia, preterm premature rupture of the membranes, placental previa, infant anomalies, gestational diabetes, poly-and oligohydramnios, and other complications including surgeries during pregnancies were excluded. Subjects gave consent and were recruited upon admission to the hospital.
Demographic and clinical characteristics
Our study included Caucasians (105 preterm labor and 100 term labor) and African Americans (41 preterm labor and 91 term labor) of non-Hispanic origin. Placental and umbilical cord pathology was performed in all preterm labor to document histological chorioamnionitis and funisitis. The baseline values of demographic and clinical characteristics for African American and Caucasian women with preterm labor and term labor are listed in Table I .
Cytokine and chemokine measurements
Amniotic fluid (AF) samples were collected during labor in both preterm labor and term labor by transvaginal amniocentesis prior to rupture of the membranes and delivery. Samples were collected before preterm or term vaginal deliveries by puncture of intact membrane using a 22-gauge needle prior to artificial rupture of the membranes. A few samples were also collected at the time of cesareans by transabdominal amniocentesis. AF was centrifuged immediately for 10 min at 2000g to remove cellular and particulate matter. Aliquots of AF were stored at -808C until analysis.
IL-1b, IL-6, IL-8, IL-10, TNF-a and sTNFR1 and sTNFR2 concentrations in the AF were measured by multiplex assay (Biosource International, Camarillo, CA), using Luminex TM (Austin, TX). The details of the assay procedure can be found elsewhere (Menon et al., 2007c; Velez et al., 2007) .
MIAC was determined by polymerase chain reaction (PCR) of microbial 16s ribosomal DNA (TaqMan Assay, CA) and correlated with clinical evidence (Hitti et al., 1997; Gardella et al., 2004; Menon et al., 2007c) . Microbial species identification, using PCR, was not performed in this study. Preterm labors with clinical evidence of MIAC were defined as those individuals having three or more of the following criteria: abdominal tenderness, temperature .388C, foul smelling vaginal discharge, an elevated C-reactive protein or histological chorioamnionitis. The distributions of MIAC among preterm labor were: 25 with MIAC and 79 with no MIAC in Caucasians and 10 with MIAC and 31 with no MIAC in African Americans (these distributions are the same in African Americans and Caucasians, P 1.00). A separate study (Menon et al., 2007a) performed PCR to detect presence of bacteria in a subset of 25 control samples and revealed no evidence of MIAC, ruling out the probability of bacterial contamination during collection of samples.
Analyses were performed separately on African Americans and Caucasians. This was done because our prior analyses strongly support the hypothesis that patterns of cytokine concentrations, as well as the genetic regulation of these concentrations, may be different between these two groups (Menon et al., 2007b, c; Velez et al., 2007) .
Statistical analysis
Shapiro-Wilks tests of normality were performed on cytokine measurements. All measurements deviated significantly from normality; as a result non-parametric tests were used for all tests of significance. Mann-Whitney two-sample rank-sum tests (Hollander and Wolfe, 1999) were used to test for statistical differences between cytokines between preterm labor and term labor in each population and in preterm labor stratified by MIAC status. STATA 9.0 statistical software (StataCorp LP, College Station, TX) (StataCorp, 2007) was used for all analyses. Correlations between all pairwise combinations of cytokine measurements were calculated for preterm labor and term labor in African Americans and Caucasians separately. Preterm labor groups were also stratified by MIAC status within each ethnic group. Spearman's rho, a non-parametric alternative to the correlation coefficient r, was used to calculate correlations using JMP statistical software (JMP Start Statistics, SAS Institute Inc., Canada) (Sall et al., 2005) . Differences between correlation coefficients were tested by z-test of the Fisher's r to z-transformation of the Spearman rho correlation coefficient (Sokal and Rohlf, 1987) . This approach has been previously published (Reilly et al., 1994; Asselbergs et al., 2007) .
Results
Demographic characteristics
Significant differences between preterm labor and term labor were observed in both African Americans and Caucasians for gestational age (weeks) (P , 0.001 for both), birth weight (g) (P , 0.001 for both), APGAR 1 (Caucasians P , 0.001; African Americans P ¼ 0.012) and APGAR 5 (at 5 min after birth) (P , 0.001 for both) (Table I) . APGAR is a method to quickly assess newborn health. The score is a number calculated from a combination of heart rate, respiratory effort, muscle tone, skin color, and response to a catheter in the nostril 1 min after birth (APGAR 1) and 5 min after birth (APGAR 5).
Cytokine measurements
Median cytokine concentrations and ranges are reported for AF concentrations from African Americans and Caucasians in preterm labor and term labor (Table II) and for preterm labor with and without MIAC (Table II ). In Caucasians, there were significant differences in IL-8 concentrations between AF of women in preterm and term labor (P ¼ 0.002) and marginal, but statistically non-significant differences in IL-6 (P ¼ 0.070) and TNF-a (P ¼ 0.075) levels. There were no statistically significant differences between AF of Caucasians in preterm labor with and without MIAC (Table II) for any of the biomarkers examined. Multiple significant differences in median analyte concentrations between preterm and term labor were observed in African Americans, including IL-1b (P , 0.001), TNF-a (P , 0.001), sTNFR1 (P ¼ 0.012) and sTNFR2 (P ¼ 0.003) (Table II) . Several differences were also observed between African American women in preterm labor with and without MIAC (for IL-1b, P ¼ 0.015; for TNF-a P ¼ 0.007 and for sTNFR2, P ¼ 0.015) (Table II) . No differences between preterm labor and term labor were observed in either African Americans or Caucasians for IL-10.
Correlations in AF from African American and Caucasian women in preterm labor and term labor Multiple significant correlations between cytokine concentrations were observed in both preterm labor and term labor (Table III; Supplementary data, Table SI ; Supplementary data, Fig. S1a and b ). In AF from Caucasian women in term labor 62% of the correlations were statistically significant. Of note, IL-1b AF samples from women in term labor had no significant correlations in Caucasians. In AF from Caucasian women in preterm labor 43% of the correlations were statistically significant. Of these, pro-inflammatory cytokine IL-8 had the largest number of significant correlations with other cytokines (IL-8 significantly associated with five cytokines). Anti-inflammatory cytokine IL-10 significantly associated with three as did sTNFR1 and sTNFR2 in Caucasian preterm labor.
In African American term labor, 71% of the correlations were statistically significant (Table III; Supplementary data,  Table SI ). Again IL-8 and IL-10 had the largest number of significant correlations (six for both), followed by TNF-a (five), IL-6 (three), sTNFR1 and sTNFR2 (four each), and finally IL-1b (two). In African American preterm labor, 62% of the correlations were statistically significant. Of these, IL-10 had the largest number of significant correlations (six), followed by TNF-a, sTNFR1, sTNFR2 and IL-1b (each with four positive correlations). The fewest correlations were observed for IL-6 and IL-8 (two each).
Significant correlations in preterm labor with and without MIAC
We next examined correlations in preterm labor with and without MIAC in order to assess whether infection affects the correlation structure (Table IV; Supplementary data,  Table SII ). In Caucasian preterm labor with MIAC the most significant correlations involved sTNFR1 with sTNFR2 and IL-10 (P-values ,0.001). In preterm labor without MIAC five correlations were significant at the P , 0.001 level (Table IV) . Three significant correlations were present in preterm labor without MIAC, but not in preterm labor with MIAC: IL-10 and IL-6, TNF-a and IL-6, and TNF-a and IL-8. In African American preterm labor with MIAC there were no highly significant correlations (P , 0.001); however, a correlation between IL-10 and IL-1b was significant at P ¼ 0.002 (Table IV) . In preterm labor without MIAC IL-10, sTNFR1 and sTNFR2 had the most significant correlations (P , 0.001). Three significant correlations were present only in preterm labor without MIAC: TNF-a and IL-6 (negative correlation), sTNFR1 and IL-10 (positive correlation), and sTNFR2 and sTNFR1 (positive correlation). Correlations present only in African American preterm labor with MIAC are: IL-10 and IL-1b, IL-10 and IL-6, and sTNFR2 and IL-1b (Supplementary data, Table SII ).
Analysis of correlation differences
Case -control comparisons within each ethnic population To assess whether correlations differed between groups, we tested for differences between correlation coefficients (Table V ; Supplementary data, Table SIII ). In Caucasians three comparisons were significantly different between AF from women in preterm labor and term labor, two between pro-inflammatory cytokines (TNF-a and IL-8, and IL-6 and sTNFR1) and one between pro-and anti-inflammatory analytes (TNF-a and IL-10). In African Americans there were three comparisons significant between AF from women in preterm labor and term labor of which two are between pro-and antiinflammatory cytokines (sTNFR1 and IL-10, and sTNFR2 and IL-10) and one between pro-inflammatory cytokine (TNF-a and IL-6).
Significant correlation differences between African Americans and Caucasians within phenotypes
Several differences were observed for correlations between Caucasians and African Americans when comparing AF from women in preterm labor to preterm labor or term labor to term labor (Table V; Supplementary data, Table SIII ). Three of eight significant differences between ethnic groups were between pro-and anti-inflammatory cytokines (IL-10 and IL-1b, TNF-a and IL10, sTNFR2 and IL-10) and five were between pro-inflammatory cytokines (TNF-a and IL-1b, TNF-a and IL-6, sTNFR1 and IL-1b, sTNFR2 and IL-1b, sTNFR2 and TNF). This is exemplified by the correlations between TNF-a and IL-6 that had opposite directions in the races (Fig. 1) . In term labor there were five correlations with significant differences between Caucasian and African American (Table V) .
Significant correlation differences for preterm labor with and without MIAC
In Caucasians, correlations between AF from women in preterm labor and term labor that showed significant differences demonstrated no such effect between preterm labor with and without MIAC (Supplementary data, Table SIV ). However, in African Americans three correlations showed differences between AF from women in preterm labor with and without MIAC (Supplementary data, Table SIV ). Of these correlations that between TNF-a and IL-6 was in opposite directions in the MIAC (positive correlation) and no MIAC groups (negative correlation). Of note, in a larger sampled dataset we observed that IL-6 was statistically significant in our Caucasian population but not in our African American population and the present analysis shows that it trends toward significance (Menon et al., 2007a) .
Correlations between cytokines in preterm birth
Discussion
Cytokine production patterns were analyzed in PTB and in two ethnic groups by assessing correlation structures in control versus case AF, in both Caucasians and African Americans. The goal of this analysis was to better elucidate the role of cytokine networks in PTB. Our data revealed significant differences between correlations in AF from African Americans and Caucasians in both preterm labor and term labor, suggesting disparity in immune response. In addition, within an ethnic group we found several differences between preterm labor and term labor. Certain patterns suggested some indications of pro-inflammatory versus anti-inflammatory effects that merit follow-up in future studies. In the present study, IL-6 was defined as a pro-inflammatory cytokine in line with the substantial amount of literature supporting this role. However, some reports suggest that it can be considered either a pro-or anti-inflammatory cytokine (Xing et al., 1998; Smirnova et al., 2002) .
Within Caucasians, the strongest evidence for differences in correlation between AF of women in preterm labor and term labor was provided by TNF-a and IL-10. The differential coordination of IL-10 and TNF-a is of potential significance because IL-10 is a regulator of TNF-a, and its production is known to be significantly reduced in the placenta of patients at term compared with first and second-trimester tissues (Hanna et al., 2000; Romero et al., 2007) . Previous studies of decidual leukocytes have shown TNF-a and IL-10 concentrations to be highly correlated during normal labor, with correlations of 0.6 (Gustafsson et al., 2006) , indicating a balanced immune status between pro-and anti-inflammatory cytokines. Our results are consistent with these previous reports in term labor of both Caucasians and African Americans. However, this correlation is not Bold-faced values are the significant correlations (correlations statistically different from 0). Bold-faced values are the significant correlations (correlations statistically different from 0). Velez et al. observed in preterm labor in either ethnic group, suggesting a trend toward immune imbalance in preterm labor.
In African Americans notable differences between correlation coefficients were observed between IL-6 and TNF-a (20.20 in preterm labor and 0.36 in term labor). In AF from women with term birth, the two cytokine concentrations were positively correlated, suggesting a generalized inflammatory status during labor. However, the correlation coefficient is negative in preterm labor with the increase in TNF-a not being coordinated with the IL-6 concentrations, indicating an overwhelming TNF-a response.
Another intriguing result is for IL-1b. In comparisons between preterm labor groups, correlation coefficients indicated that African Americans and Caucasians differed significantly between IL-1b and TNF-a, sTNFR1, and sTNFR2. These results suggest that the IL-1b is coordinately co-regulated with several other cytokines in AF of African American women with preterm labor; however, this co-regulation is absent in Caucasians, again indicating a difference in the underlying processes leading to PTB in different ethnic groups. Recent animal model studies documented that IL-1b and TNF-a are inducers of preterm labor, whereas IL-6 and IL-8 failed to induce labor even after prolonged administration, although both IL-6 and IL-8 produced inflammatory changes in the fetal membranes and lungs. Our data in African Americans support these findings and suggest that preterm labor may be mediated predominantly by TNF-a and IL-1b (Sadowsky et al., 2003) .
Correlation differences were observed between immune function regulators in African Americans. IL-10 was significantly more correlated with sTNFR1 and sTNFR2 in preterm labor than term labor, supporting the operation of immunoinhibitory mechanisms during PTB. However, a pro-inflammatory surge, represented by increases in TNF-a and IL-1b, may overwhelm the inhibitory mechanisms, further supporting the claim that PTB is a host inflammatory disease.
The potential role of infection in African American compared with Caucasian pregnancies is also illustrated by evidence for differences between correlations in preterm labor with and without MIAC in the two groups. We emphasize that definition of MIAC was not based solely on the detection of bacterial DNA in the AF, but also on clinical evidence for the presence of MIAC that correlated with the PCR data. However, it is possible that we could not detect presence of microbes between the membranes or in biofilms in the amniotic fluid. We did not find strong evidence for correlation differences in Caucasian preterm labor with and without MIAC. This suggests the coordinated cytokine activity in Caucasian preterm labor is not significantly affected by the presence of infection. Although certain Caucasian genetic predispositions may cause changes in individual cytokine concentrations in the presence of MIAC (Velez et al., 2007) , infection alone does not appear to explain the observed heterogeneity in Caucasian preterm-term labor cytokine correlations. In contrast, there was evidence for heterogeneity between the presence and absence of MIAC in African American preterm labor, although differences were observed in only 14% of our comparisons (3/21). We caution, however, that these secondary analyses may not be adequately powered to detect effects of biological importance and that our results with respect to MIAC are preliminary. Our data provide preliminary evidence for differences between Caucasian and African American populations in concentration patterns of cytokines and cytokine-related biomarkers. This is especially true in preterm labor, suggesting that differences in PTB rate may be due to differences in the underlying etiology. From the present study we cannot conclude whether the mother or fetus is contributing to the AF pool of cytokines, since an immune response can be initiated by both mother and fetus and cytokines within the AF are therefore the net effect of the two. Finally, in assessing patterns of coordinated cytokine production it appears that the two populations have fewer correlation differences in term labor than in preterm labor. Based on our findings we hypothesize that the pathways leading to PTB may be different in the two ethnic groups.
